We have observed the growth mode transition from two-dimensional ͑2D͒ layer-by-layer to step-flow in the earliest stage growth of heteroepitaxial SrRuO 3 thin films on TiO 2 -terminated ͑001͒ SrTiO 3 substrates by in situ high pressure reflective high energy electron diffraction ͑RHEED͒ and atomic-force microscopy. There is no RHEED intensity recovery after each laser pulse in the first oscillation when the growth mode is 2D layer-by-layer. On the other hand, it is getting more pronounced in the second oscillation, and finally reaches a dynamic steady state in which the growth mode is completely changed into the step-flow mode. The origin of the growth mode transition can be attributed to a change in the mobility of adatoms and switching the surface termination layer from the substrate to the film. SrRuO 3 thin films with an atomically smooth surface grown by atomic layer control can be used in oxide multilayered heterostructure devices.
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Epitaxial multilayered heterostructures based on perovskite oxides have a great potential for future electronic device applications such as spin-polarized tunnel junction. [1] [2] [3] In such a tunnel junction, the junction magnetoresistance ͑JMR͒ is determined by the difference in the density of states for tunneling. Highly spin-polarized magnetic oxides, halfmetallic oxides, are expected to exhibit large, almost infinite JMR in the Julliere model. 4 In reality, it has been shown that there is a strong temperature dependence of the JMR in the doped manganite system, i.e., premature loss below the Curie temperature. 1 This result is important for technological applications and depends on the quality of the junctions: uniformity and quality of barrier layer, interface sharpness, and surface magnetization. For the study of its physical origin, the sharp interface and defect-free barrier layer in the trilayered tunnel junction are required and must be controlled on an atomic scale.
Significant progress has been made in studying growth mechanisms of homoepitaxial oxide thin films such as SrTiO 3 , using molecular-beam epitaxy ͑MBE͒, 5 laser MBE, 6, 7 and pulsed-laser deposition ͑PLD͒. 8 In all papers, the surface mobility of adatoms during deposition plays an important role in determining the growth modes. In this study, we will focus on the heteroepitaxy of SrRuO 3 films grown on single-terminated SrTiO 3 substrates and the applicability of the oxide multilayered heterostructures.
Among many perovskite oxides, the itinerant metallic ferromagnetic oxide SrRuO 3 is an ideal system to study heteroepitaxial thin film growth. Not only is it chemically stable, making ex situ scanning probe microscopy ͑SPM͒ measurements possible, it is also structurally similar to the SrTiO 3 substrate with a lattice mismatch of only 0.64%. Moreover, epitaxial single-crystal SrRuO 3 thin films can be coherently grown on miscut SrTiO 3 substrates. 9, 10 In this study, we have investigated the initial stage nucleation and growth of the heteroepitaxial SrRuO 3 thin films by in situ high pressure reflective high energy electron diffraction ͑RHEED͒ and atomic force microscopy ͑AFM͒.
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Epitaxial SrRuO 3 thin films were grown on TiO 2 -terminated ͑001͒ SrTiO 3 substrates by PLD using a KrF excimer laser ͑ϭ248 nm͒ with an energy density of 2. Insets show the RHEED intensity recovery after the growth is interrupted at the bottom region of the first oscillation ͑b͒, at the top region of the first oscillation ͑c͒, at the bottom region of the second oscillation ͑d͒, in the steady state region ͑e͒, and finally stopped ͑f͒.
APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 10 3 SEPTEMBER 2001 J/cm 2 at a repetition rate of 2 Hz. The single TiO 2 -terminated surface of the ͑001͒ SrTiO 3 substrates has been obtained in a three-step treatment which was developed by Koster et al.: 12 soak in water, chemical etch with a NH 4 F buffered HF solution, and postanneal at 950°C for 1 h under an oxygen atmosphere. The miscut angle of the substrate ranges from 0.05°to 0.2°. The growth temperature and oxygen pressure were kept at 600°C and 100 mTorr, respectively. Figure 1 shows the overall RHEED intensity variations during the growth of the SrRuO 3 film on the TiO 2 -terminated ͑001͒ SrTiO 3 substrate with a miscut angle of approximately 0.2°. The insets show the RHEED intensity recovery after interrupting the growth. The overall RHEED intensity oscillated twice and then reached a steady state until the growth was stopped. This transient behavior of the overall RHEED intensity represents the fact that the growth mode of the SrRuO 3 film has a transition from the two-dimensional ͑2D͒ layer-by-layer to the step-flow mode. In addition to such a change in the overall RHEED intensity, the different mobility behaviors of adatoms can be seen from the intensity recoveries obtained after interrupting the growth. There is almost no intensity recovery at the bottom and top regions of the first oscillation ͓Figs. 1͑b͒ and 1͑c͔͒. Instead, the intensity recoveries after interrupting the growth are getting more pronounced from the region of the second oscillation, and finally reaches a steady state ͓Figs. 1͑d͒, 1͑e͒, and 1͑f͔͒. These results indicate a change of the mobility of the adatoms, which can lead to a change in the growth mode.
In order to verify the growth mode transition in this earliest stage, the surface morphologies of the as-grown films were studied by tapping mode AFM. Figure 2 shows microstructure evolutions and RHEED patterns obtained from each stage of the growth, as marked in Fig. 1. Figure 2͑a͒ shows the perfect TiO 2 -terminated surface of the ͑001͒ SrTiO 3 substrate. One can see clear step-terrace structures with only one unit-cell height. The RHEED pattern shows sharp spots lying on the zeroth Laue circle, indicating that the SrTiO 3 surface is atomically smooth. Figure 2͑b͒ shows the surface morphology at the bottom region of the first oscillation ͓position as indicated by Fig. 1͑b͔͒ . The AFM image shows many 2D islands randomly nucleated and distributed on the SrTiO 3 substrate terraces. The RHEED pattern has additional diffuse spots, originating from the transmission of the electron beam through the small 2D islands. Figure 2͑c͒ shows the surface morphology at the maximum of the first RHEED intensity oscillation, indicated by Fig. 1͑c͒ . The SrRuO 3 film nearly covers all of substrate terraces, indicating the 2D layer-bylayer growth mode at this initial growth. The RHEED intensity oscillation is in agreement with the observed surface structure changes.
The AFM image ͓Fig. 2͑d͔͒ taken at the minimum of the second oscillation shows a remarkable difference compared to Fig. 2͑b͒ . It can be seen that the SrRuO 3 film is completely covered. In addition, more 2D islands start to nucleate at the step ledge regions where there are more favorable sites for nucleation. However, some 2D islands are still visible on the terraces, causing the oscillating behavior of the RHEED intensity. Note that the number of islands is much less or lower compared to the surface morphology as obtained at the minimum of the first oscillation. Figure 2͑e͒ taken from the steady state region of the RHEED intensity indicated by Fig. 1͑e͒ shows that the SrRuO 3 film grows by the step-flow mode. The original step structure of the SrTiO 3 substrate can be seen as holes at the ledges. Finally, the surface morphology and RHEED pattern of a 56 nm thick SrRuO 3 film ͓Fig. 2͑f͔͒ are almost identical to those of the treated ͑001͒ SrTiO 3 substrate. Due to the step-flow growth, the atomically smooth surface structure and single domain structure of the SrRuO 3 film can be obtained. Only one unitcell high steps without step bunching imply the single terminated surface of the SrRuO 3 film. From the RHEED intensity variations and the microstructure evolutions, it is clear that the growth mode of heteroepitaxial SrRuO 3 thin films makes a change from the 2D layer-by-layer to the step-flow, and that there is a close relationship between the growth mode transition and the change in the mobility of the adatoms.
To elucidate this relationship, we must consider experimental factors that govern the growth mode of thin films on vicinal substrates. The growth mode of the thin films is principally determined by growth temperature, lattice mismatch, substrate miscut angle, growth rate, and surface chemistry. In homoepitaxy, Lippmaa et al. already reported the effects of the growth temperature and repetition rate on the growth mode change in the homoepitaxial SrTiO 3 thin films. 8 At repetition rates of 5 Hz or less the growth mode changed gradually from 2D layer-by-layer to step-flow as the growth temperature was increased. Especially, in the step-flow mode regime there is no growth mode transition from the 2D layerby-layer mode to the step-flow at the earliest stage growth. In their case, the change in the growth mode is only dependent on the growth conditions, like temperature and growth rate. This behavior is completely different from what we observe during the heteroepitaxial growth of SrRuO 3 on ͑001͒ SrTiO 3 : the growth mode transition from 2D layer-by-layer to step flow in the earliest stage growth.
In the case of heteroepitaxy of layered perovskite oxides, the termination layer of the substrate can dominantly influence the growth kinetics at the earliest stage such as wettability, mobility, and sticking coefficient. From the AFM images in Fig. 2 and RHEED intensity recovery data, we conclude that the mobility of the adatoms deposited on the TiO 2 -terminated SrTiO 3 substrates is significantly lower compared to that of the steady state regime. The mobility of the adatoms deposited on the SrRuO 3 film is greatly enhanced and reaches the steady state as the TiO 2 termination layer of the SrTiO 3 substrate is covered by the SrRuO 3 film. In addition to the growth mode transition at the earliest stage, the data of Fig. 1 shows another feature. The number of laser pulses to complete the first RHEED oscillation ͑34 pulses͒ differs significantly from that to complete the second RHEED oscillation ͑22 pulses͒. Also, this number is not consistent with the number of 22 pulses per unit cell, as calculated from low angle x-ray diffraction measurements. Such a discrepancy could be associated with desorption of Ru adatoms. We will discuss the details of this result elsewhere. 13 In conclusion, we report the observation of the growth mode transition from the 2D layer-by-layer mode to the stepflow during the earliest stage growth of the heteroepitaxial SrRuO 3 films on the TiO 2 -terminated ͑001͒ SrTiO 3 substrate. Such a transition during the earliest stage is a unique phenomenon in heteroepitaxy. This work shows that the growth kinetics at the earliest stage growth of heteroepitaxy can have a large influence on the microstructures and interfaces in multilayered heterostructures. For example, SrRuO 3 thin films grown on TiO 2 -terminated ͑001͒ SrTiO 3 substrates by atomic layer control have an atomically smooth surface and single domain structure. SrRuO 3 films with a smooth surface can be used as electrode layers in spin-polarized tunnel junctions requiring a sharp interface and uniform coverage of barrier layers.
